The transport time of enzymes from heart to plasma was studied in two experimental models. First, the enzyme alanine aminotransferase was slowly infused into the left ventricular wall in open-chest dogs. The half-life for the washout of alanine aminotransferase activity into plasma was 20±4 minutes (mean±SEM, n=8) and was not different in ischemic and normally perfused tissue. From measurements of arteriovenous differences in alanine aminotransferase activity and left ventricular blood flow, it was concluded that 77-±14% of total enzyme washout from ischemic tissue occurred by direct entry into the bloodstream. The corresponding value for the vascular permeability-surface area product was 264±55 ml * kg`. hr'1. For a second model, we studied myocardial enzyme release into plasma after abrupt heart injury induced by 10 minutes of calcium-free coronary perfusion followed by reintroduction of calcium (calcium-paradox mechanism). The half-life for the release into plasma was 1.9±0.2 hours (mean±SEM, n=6) and was again not influenced by sustained ischemia. Slower washout, as observed for this second model, is consistent with increased interstitial protein space and corresponds to a permeabilitysurface area product between 135 and 285 ml* kg`* hr-1. These results were used to calculate the time course of cellular enzyme leakage from the rate of enzyme release into plasma in various forms of heart injury. Significant shifts between the time curves of evolving cellular inmjury and enzyme release into plasma are observed after 2 hours of ischemia followed by coronary reperfusion, but not after permanent ischemia. (Circuklion Research 1990;67:1257-1266 schemic myocardial injury results in the release of intracellular enzymes from damaged muscle cells into plasma. Several clinicall-3 and exper-imenta14,5 studies have demonstrated that this release is proportional to the extent of myocardial necrosis as estimated independently by histological techniques. Recently, estimation of infarct size from plasma enzyme activities has been extensively applied in the evaluation of early thrombolytic therapy after acute myocardial infarction.6-8 Such therapy results in much earlier release of enzymes from the heart. The gradual release of enzymes in plasma normally observed after acute myocardial infarction is thought to reflect delayed transport of enzymes from the ischemic tissue to plasma. Earlier release after thrombolytic therapy is then interpreted as accelerated washout caused by reperfusion of the infarcted area.
The transport time of enzymes from heart to plasma was studied in two experimental models. First, the enzyme alanine aminotransferase was slowly infused into the left ventricular wall in open-chest dogs. The half-life for the washout of alanine aminotransferase activity into plasma was 20±4 minutes (mean±SEM, n=8) and was not different in ischemic and normally perfused tissue. From measurements of arteriovenous differences in alanine aminotransferase activity and left ventricular blood flow, it was concluded that 77-±14% of total enzyme washout from ischemic tissue occurred by direct entry into the bloodstream. The corresponding value for the vascular permeability-surface area product was 264±55 ml * kg`. hr'1. For a second model, we studied myocardial enzyme release into plasma after abrupt heart injury induced by 10 minutes of calcium-free coronary perfusion followed by reintroduction of calcium (calcium-paradox mechanism). The half-life for the release into plasma was 1.9±0.2 hours (mean±SEM, n=6) and was again not influenced by sustained ischemia. Slower washout, as observed for this second model, is consistent with increased interstitial protein space and corresponds to a permeabilitysurface area product between 135 and 285 ml* kg`* hr-1. These results were used to calculate the time course of cellular enzyme leakage from the rate of enzyme release into plasma in various forms of heart injury. Significant shifts between the time curves of evolving cellular inmjury and enzyme release into plasma are observed after 2 hours of ischemia followed by coronary reperfusion, but not after permanent ischemia. (Circuklion Research 1990;67:1257-1266) schemic myocardial injury results in the release of intracellular enzymes from damaged muscle cells into plasma. Several clinicall-3 and exper-imenta14,5 studies have demonstrated that this release is proportional to the extent of myocardial necrosis as estimated independently by histological techniques. Recently, estimation of infarct size from plasma enzyme activities has been extensively applied in the evaluation of early thrombolytic therapy after acute myocardial infarction. [6] [7] [8] Such therapy results in much earlier release of enzymes from the heart. The gradual release of enzymes in plasma normally observed after acute myocardial infarction is thought to reflect delayed transport of enzymes from the ischemic tissue to plasma. Earlier release after thrombolytic therapy is then interpreted as accelerated washout caused by reperfusion of the infarcted area.
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However, this phenomenon could also reflect a reperfusion-induced, acute exacerbation of cellular disruption, the so-called reperfusion injury.9"10 To study these two possibilities, one has to measure the transport times of enzymes from ischemic and from normally perfused myocardium to plasma.
In the present study, the washout rate of enzyme from myocardium to plasma was measured during slow infusion of alanine aminotransferase (ALT) into ischemic and nonischemic areas of the left ventricular wall. The results were compared with those obtained for another model for interstitial liberation of enzymes. In this model, a short period of calciumfree perfusion of the left anterior descending coronary artery (LAD) was followed by reintroduction of calcium in the perfusate. This procedure results in a local form of the so-called calcium-paradox injury with sudden massive cell death." In half of these experiments, the coronary artery remained ligated to study enzyme release from ischemic tissue.
Both experimental models, infusion of exogenous enzyme and local induction of calcium-paradox injury, indicate that the washout of enzymes from ischemic tissue is a relatively fast process with a half-life of about 20 minutes in the intact heart to about 2 hours in severely necrotic tissue. Surprisingly, the washout from normally perfused tissue is not faster.
These results are used to calculate the rate of cellular enzyme leakage from the rate of release of enzymes into plasma. It is shown that in case of rapid myocyte disruption, as observed after local calciumparadox injury or after coronary reperfusion following 2 hours of ischemia, the transport delay of the enzymes becomes important, and the rate of cell disruption is much faster than the rate of enzyme release into plasma. In contrast, the transport delay can be neglected in case of slowly developing injury, such as observed after permanent coronary ligation in the intact dog.
Materials and Methods Animal Preparation
Mongrel dogs of either sex and unknown age were used in this study. The animals were premedicated with 0.5 ml* kg`of a mixture containing 10 mg/ml fluanisone and 0.3 mg/ml fentanyl citrate. Anesthesia was induced intravenously with sodium pentobarbital (10 mg* kg-') and, after endotracheal intubation, was maintained with oxygen/nitrous oxide and a continuous infusion of sodium pentobarbital (2 mg . kg-1 hr-1).
The lungs were ventilated with a positive pressure respirator (Pulmomat, Drager, Lubeck, FRG). The thorax was opened through the fifth intercostal space after intramuscular administration of succinylcholine chloride (2 mg . kg-1), and the pericardium was opened completely. Catheters were inserted into the brachial vein for compound administration and into the femoral artery for the measurement of arterial blood pressure with the use of an Ailtech transducer (Electromedics, Engelwood, Colo.) and for the collection of blood samples. ECG cables were connected to the limb leads. Radiolabeled microspheres (diameter, 15 ± 1.5 ,um; New England Nuclear Corp., Boston) were injected through a catheter in the left atrium. A reference blood sample was drawn from the femoral artery between 5 seconds before to 60 seconds after microsphere injection. After each experiment, the animal was killed with an overdose of sodium pentobarbital. The heart was excised, rinsed, and frozen at -20°C. The left ventricle was cut into 108 tissue samples,12 which were scanned for radioactivity in a gamma-counter (Packard Instrument Co., Inc., Meriden, Conn.). Regional myocardial blood flow was calculated as described previously.13
Infusion Experiments
A silicone-elastomer catheter (Bard, Sunderland, England) was inserted into a needle (17 gaugex2 in. Davol) and introduced into the left ventricular wall in the perfusion area of the LAD. The catheter was fixed with the tip in an approximately midwall position, and the guiding needle was withdrawn. A purified ALT preparation (porcine heart, Serva, Brunschwig, FRG) was slowly infused (0.010-0.020 ml. min-1) through this catheter by means of an infusion pump (type 5003, Precidor Infors), and the resulting infusion pressure was measured. Before infusion, 5-15 mg of the ALT preparation was mixed with 150 mg dog albumin (Sigma Chemical Co., St. Louis) in 3 ml potassium phosphate buffer (0.01 M, pH 7.7) and Evans blue (Merck, Darmstadt, FRG). This mixture was dialyzed for 24 hours at 0°C against buffer to remove excess Evans blue and ammonium sulfate from the ALT preparation. Labeling with Evans blue allowed detection of enzyme loss from the puncture site and localization of the catheter tip at autopsy. The total volume infused was about 2 ml and was determined by weighing the syringes; a value of 1.025 g. l 1 for the specific density of the infusate was used. Total infusion time was 120 minutes. It was verified that the rate of enzyme washout into plasma was not dependent on the rate of infusion. Figure 1 shows examples of such verification. At the time indicated by the arrows, the infusion was changed to a preparation containing half of the original activity, and the rate of infusion was doubled. Apparently, there was no change in the rate of enzyme release into plasma. The infusion pressure remained below 4 kPa (approximately 30 mm Hg) in all experiments. ALT was chosen because it is virtually absent in skeletal muscle. Sham experiments showed no detectable elevations of plasma ALT activities during 5 hours of observation, in spite of surgical trauma (results not shown).
Ischemia was produced by ligation of the LAD just distal to the first diagonal branch after careful dissection of the LAD. Data of regional blood flow were used to check whether the catheter tip was located in the ischemic area. To this end, after the experiments, Positions of catheter tips are indicated by arrows. Experiments 5-8 from Table 1 are shown. the heart was cut from base to apex into five slices 1-2 cm thick. The slice containing the catheter tip was divided circumferentially into 12 transmural samples. Blood flow was expressed as a percentage of the mean flow in a control area in the posterior wall of the second slice.12 From these data, it may be concluded that ALT was indeed infused into the central ischemic area (Figure 2 ). For the measurement of arteriovenous differences in ALT activity, a polyethylene catheter was advanced through the jugular vein into the coronary sinus. Local Calcium-Paradox Injury The LAD was exposed distal to the first marginal branch at 2-4 cm from the origin. After intravenous administration of lidocaine (50 mg), a catheter was inserted into the LAD and fixed with a ligature. Through this catheter a calcium-free Tyrode solution containing (mM) NaHCO3 28.6, NaCl 130, KCl 5.6, NaH2P04 1.2, MgCl2 1.0, pH 7.4, and equilibrated at 370 C with a gas mixture of 95% 02 and 5% CO2 was infused during 10 minutes into the LAD at a rate of 30-55 ml . min-'. Deionized water was obtained with a Milli-Q3 system (Millipore Corp., Bedford, Mass.), and the Tyrode solution contained less than 3 ,uM c2+.
Ca'Ĩ n one group of animals, the period of calcium-free perfusion was followed by 5 minutes of perfusion with the same Tyrode solution containing 2.2 mM CaCl2, while the LAD remained occluded throughout the experimental period. In a second group, calcium-free perfusion was followed by repair of the LAD wall in about 10 minutes, after which normal coronary artery perfusion was reestablished.
ALT was used in these experiments as marker enzyme for myocardial injury because the ALT activity in dog heart is relatively high (about 20 units/g wet wt), and ALT is eliminated very slowly from plasma. These properties allow accurate calculation of ALT release into plasma. 14"15 Determtination of Cumulative Alanine Aminotransferase Release in Plasma Arterial and venous blood samples of 4 ml each were mixed with 60 IU of heparin, and after routine centrifugation, the plasma was stored at -80°C. Within 6 weeks of storage, the activity of ALT (EC 2.6.1.2) was determined spectrophotometrically on a centrifugal analyzer (Cobas Bio System, Hoffman La Roche, Basel, Switzerland) using commercial test kits (Boehringer GPT reagent, Optimiert) and a temperature of 250 C. Activities were expressed in micromoles of substrate converted per minute per liter of plasma (units per liter). Cumulative release of ALT activity in plasma up to time t, that is, Q(t), expressed per liter of plasma was calculated from plasma ALT activities as described previously'4"15:
This expression is based on a two-compartment model for the turnover and distribution of ALT activity determined by the fractional catabolic rate constant (FCR), the transcapillary escape rate constant (TER), and the extravascular return rate constant (ERR). The model has been validated for intravascular bolus injections and infusions of enzyme in dogs'4-'6; for ALT, values of FCR=0.022 hr-1, TER=0.032 hr-1, and ERR=0.068 hr-1 were obtained.'4 The corrected plasma ALT activity per liter of plasma at time t, that is, C(t), is obtained by subtraction of the normal preinfusion steady-state activity from the actually measured activities. Total release of activity was calculated by multiplication of Q(t) with plasma volume obtained from body weight and a fixed mean value of 47 ml/kg for the plasma volume per kilogram of body weight.'7
Estimation of the Fractional Washout Rate Constant
Enzymes leaking from damaged myocardial cells into the interstitial space either diffuse directly into the microvessels or enter into myocardial lymph channels. The fraction collected in lymph is small, about 15%, and within 20 minutes is transported to plasma.18 It can thus be assumed that the interstitial enzyme pool, 1(t), empties directly into plasma. The rate of this transport is proportional to 1(t) and can in first approximation be described by a first-order fractional washout rate constant (FWR): (2) where fi(t) is the rate of enzyme release into interstitium at time t, expressed per liter of plasma. Equation 2 assumes that interstitial fluid volume and microvascular permeability remain constant during the period of observation. The validity of these assumptions is discussed below.
For the infusions, integration of Equation 2 after substitution of the function fi(t) for constant-rate infusions during a time interval At
where Qt is the total infused activity and gives the result
infusions into ischemic areas, because cellular integrity is maintained during the 4-hour experimental period (see below). For the local calcium-paradox injury, however, interstitial protein space becomes much larger because it includes the intracellular space of dead cells, with the exception of the mitochondria.21 In canine and human hearts, mitochondrial space is about 22% of total tissue volume, 22 and this implies that, in an area of massive cell death, interstitial protein space is about six times larger than normal. This estimate is close to the value of 6.6 found in reperfused infarcts.23 Two different assumptions were made. According to the first assumption, enzyme release occurs only from completely necrotic local areas, and therefore, a value of about 800 ml * kg`for interstitial protein space can be used. This assumption will give a maximal value for PS as calculated from FWR. According to the second assumption, enzyme release occurs from a homogeneous mixture of living and dead cells, and interstitial protein space is increased only in proportion to the fraction of dead cells. This fraction was estimated by measurement of enzyme depletion as previously described. 12 The damaged area was defined as the ensemble of tissue samples showing more than 10% ALT depletion, and the fraction of dead cells was estimated from the average enzyme depletion of this whole area. This approach will give a minimal value for PS.
exp(-FWR * t)/FWR}, t>At
For the local calcium paradox injury, it was assumed that cellular disruption is completed within a few minutes after reintroduction of calcium, that is, an instantaneous input of Qtot at t=0. Then, one simply obtains (4) Application to Release Curves Obtained From Permanent Ischemia Experiments Permanent myocardial ischemia was produced in conscious dogs (n=11) by ligation of the LAD by using a snare implanted 1 week earlier.12 Enzyme activities in plasma were measured up to 48 hours.
Application to Release Curves Obtained From Reperfusion Experiments
A similar protocol was followed as for permanent ischemia, but the LAD was reperfused after 2 hours of ligation (n =5). Enzyme activities in plasma were measured up to 15 hours after the start of reperfusion. 
Results

Enzyme Infusions
Soon after the start of infusion, some fine lymph vessels usually became visible on the epicardium, indicating rapid (but quantitatively unimportant, see below) lymphatic transport of the blue preparation infused. A complication occurring several times in these experiments was some loss of infusate from the puncture site. Usually, this was restricted to a small blue rim of infused material around the catheter, but occasionally, it increased to small droplets forming an appreciable fraction of the quantity infused. A second complication, occasionally observed, was the formation of a subepicardial blue spot with some "'sweating" of blue material. These complications probably explain the less than 100% recovery shown in Figure 3 . In this figure, the recovery in plasma, that is, the value of Q(t), is expressed as a percentage of the total activity per liter of plasma infused. The data presented in Figure 3 indicate that the washout from ischemic tissue is not slower than that from normally perfused tissue. This is also shown in Table 1 , presenting the results obtained from the nonlinear regression procedure for the determination of FWR and total recovery in plasma. Infusions into normally perfused tissue produced values of FWR not significantly different from those obtained from infusions into ischemic myocardium. The mean value of FWR obtained from eight infusions was 2.0+0.4 hr-1 (mean+SEM), corresponding to a mean half-life for enzyme washout of 20+4 minutes. Satisfying fits were obtained as shown by the small SEEs presented in Table 1 . Two examples with approximately average values of SEE are shown in the upper panel of Figure  4 (cases 1 and 7 from Table 1 ). Figure 5 shows the mean arteriovenous differences in ALT activities measured in dogs 5-8 for infusions into ischemic areas. Time integration of these differences and multiplication with blood flow through the coronary sinus yields the total ALT activities transported to plasma. Blood flow through the coronary sinus was estimated at 60% of total left ventricular blood flow as determined by microspheres. 24 In this way, it was found that 77+14% (mean+SEM, n=4) of total transport from tissue to plasma occurred by direct entry into the capillaries.
Local Calcium-Paradox Injury Figure 6 presents the release of ALT into plasma, that is, Q(t), after local calcium-paradox injury. In the group with reestablished coronary flow, enzyme release is completed in about 5 hours, while at that time there is still ongoing ALT release in the ischemic group. This release is probably due to the onset of ALT leakage into plasma after about 3 hours, which is caused by permanent ischemia (see Figure 7). Table 2 shows only marginal differences for the washout from ischemic and normally perfused tissue. The mean value of FWR obtained from six experiments was 0.36+0.04 hr`' (mean±SEM), corresponding to a mean half-life for enzyme washout of Again, satisfying fits were obtained as shown by the SEEs in Table 2 and the two examples in the lower panel of Figure 4 (cases 1 and 4 from Table 2 ). It is interesting to note the immediate start of ALT release in contrast to the gradually starting release during enzyme infusions. This immediate start reflects the sudden, massive necrosis after reintroduction of calcium. Comparison of the data in Tables 1  and 2 infusion experiments are in the range of values estimated from the local calcium-paradox experiments. With the mean value of FWR=0.36 hr-1, as obtained from the fits (see Table 2 ), the cumulative interstitial release of ALT was calculated from Equation 5. As indicated in Figure 6 , a large fraction of total enzyme release indeed occurs within minutes after reintroduction of calcium.
Calculation of the Time Course of Myocyte Disruption
Interstitial enzyme release curves were calculated from cumulative release into plasma by using two different values of FWR, 0.6 and 4.2 hr-, that is, the minimal and maximal values of FWR presented in Table 1 . Figure 7 shows myocardial ALT release after permanent occlusion of the LAD. Such permanent ischemia results in a gradual and long-lasting release of myocardial ALT activity. As shown in Figure 7 , there is only a marginal time shift between the "disruption curve," that is, cumulative interstitial enzyme release, and the release curve in plasma. This is true even for the value FWR=0.6 hr-, the lowest value of FWR observed after ALT infusion, and it is concluded that the time course of enzyme release after permanent ischemia directly reflects the time course of cell disruption.
In contrast, Figure 8 presents similar results for dogs in which the LAD was reperfused after 2 hours of ischemia. A much more rapid release of ALT is apparent, and the delay introduced by the washout time becomes important.
Discussion
Enzyme Infusions
The present study demonstrates rapid transport of intramuscularly infused proteins from heart to plasma. This transport is mainly effected by direct entry of protein into the microvessels, even when the enzyme is infused into an ischemic myocardial area. This finding may seem surprising but reflects the fact that, in dogs, after coronary occlusion, a residual collateral blood flow of a few percent of normal is maintained even in the central ischemic area. 25 For instance, in the present study, the residual flow in the infarcted area always exceeded 2% of the control values (see Figure 2 ). For a normal blood flow of about 1 ml* g`* min' and a tissue blood content of about 0.06 ml g 1,26 this implies that the tissue blood pool in the infarcted area is renewed every few minutes.
Rapid transport of proteins to plasma in the infusion experiments could be influenced by artifacts such as direct entry of protein into damaged capillaries or accelerated washout caused by infusion, causing increased interstitial fluid pressure. The first possibility seems unlikely because the blood in vessels damaged by puncture will coagulate within minutes and seal the vessel. Considering the prolonged infusion time of 120 minutes, such effects can be only minimal. With respect to the second possibility, it was checked that the rate of washout was not dependent on the infusion rate (see Figure 1 ). The slow rate of infusion (less than 0.02 ml minm1) apparently prevented the formation of a significant intramuscular reservoir, because the myocardial forces exerted on the fluid in such a reservoir would generate a pressure comparable to the one in the left ventricular cavity instead of the pressure of less than 4 kPa, as measured during infusion. Thus, for the infusions into normally perfused tissue, interstitial volume probably remained close to its normal value. In the ischemic area, however, it could become enlarged because of inclusion of the space of disrupted cells.
As shown in Figure 7 , cellular enzyme release remains minimal during the first 4 hours of permanent LAD occlusion, and this implies that such an enlargement of interstitial space will also be minimal. From the satisfying fits obtained (see Figure 4 ), it follows that FWR remains constant during the infusions, and hence, microvascular permeability will probably remain unchanged in this situation. In some severely ischemic areas, however, enzyme washout may have become flow limited, and increased microvascular permeability could have been masked. An artifact could be introduced if the colloid osmotic pressure of the infused preparation differs considerably from the value in normal interstitial fluid. Therefore, the protein content chosen for the infusate was about 50 g. 1 1, which is close to the protein content of interstitial fluid and lymph.27 Local Calcium-Paradox Injury In isolated rat hearts, reintroduction of calcium after global calcium-free perfusion results in almost immediate massive release of enzymes into the perfusate.1" In addition to myocyte disruption, complete endothelial permeability is apparently induced in this preparation. It has also been reported that calcium-free perfusion as well as reperfusion after ischemia may increase endothelial permeability. 28, 29 To our best knowledge, there are no data in the literature on local application of this type of injury in vivo. The present study suggests that, although myocyte disruption is indeed almost instantaneous (see Figure 6 ), endothelial integrity is not compromised. Complete myocyte disruption within 15 minutes after reintroduction of calcium (see Figure 6 ) and preservation of endothelial permeability also explain the satisfying fits obtained with Equation 2 (see Figure  4 ). Apparently, interstitial volume is maximally enlarged from the beginning of the 5-hour observation period. A tentative explanation for these differences between in vivo and ex vivo calcium paradox injury is that calcium depletion obtained in vivo is less complete than in the isolated rat heart. This would imply that in dogs, endothelial cells are less sensitive to temporary calcium depletion than are cardiac myocytes. Mechanical stress from the surrounding contracting tissue could also be a precipitating factor in in vivo calcium-paradox injury.30 The fact that the highest estimate of PS in Table 2 agrees with the value estimated from the infusion experiments indicates that enzyme release mainly occurs from totally necrotic local areas with little interstitial mixing between such areas and interdigitating healthy tissue.31
Comparison With Data on Permeability-Surface Area From the Literature An indirect estimate of PS can be obtained from measurements of protein concentration ratios in plasma and lymph. In the case of bidirectional protein transport, the steady state is characterized by the relation CI(PS+J1)=Cp* PS with Cl and Cp the protein concentrations in lymph and plasma, and J, the lymph flow per gram of tissue. This relation permits estimation of PS from the ratio Cp/C, and Jl. Cardiac lymph flow in dogs is about 20 ml * kg`1 hr-' (see Reference 32 for a review), and the ratio Cp/C, has been estimated at about 1.5 in a number of studies. [33] [34] [35] ing these values, a value for PS of about 40 ml . kg-. hr-1 is obtained, about six times lower than the value obtained from the infusion experiments.
Direct estimates of the exchange rates of macromolecules between tissue and plasma in dog heart are scarce. Areskog36,37 measured extravasation of labeled albumin and dextran by external counting and collection of heart lymph. For molecules with molecular weights between 100,000 and 200,000 (MW for ALT, 115,000) a value of 36 ml . kg-1. hr-1 can be calculated from these data38 for the PS.
However, slower equilibration (t,,2-6 hours) was found for microinjections of '31I-albumin,39 corresponding to a PS-12 ml. kg-' hr-. Much more rapid transendothelial transport (PS~14,000 ml . kg-1 hr-1) was also reported for intracoronarily injected "15I-albumin in dogs on cardiopulmonary bypass.29 These data differ by about three orders of magnitude, and various artifacts may have caused these large discrepancies such as injection of hyperosmotic protein preparations in tissue or binding, instead of permeation, of labeled proteins to vascular endothelium.
Our data indicate that so-called "backdiffusion," that is, diffusion of proteins from interstitium into the microvessels, is the main mechanism for the transport of enzymes from heart muscle to plasma. This confirms earlier reports17,39 claiming that total lymphatic enzyme transport contributes less than 15-30% to the total release of enzymes into plasma. These data seem to settle a long-standing dispute on the bidirectional nature of transendothelial protein transport. The occurrence of backdiffusion was denied on the basis of the observation that total protein return to plasma through thoracic duct lymph approximately equaled total extravasation of protein. 40 However, such estimates do not take into account that only about 50% of the protein content of thoracic duct lymph originates from the tissues and the remainder is added by the shunt pathway through the liver.41
Calculation of the Time Course of Myocyte Disruption
Washout of enzymes from infarcted myocardium with a half-life equilibration between 10 and 100 minutes implies that in case of gradual and longlasting release such as after permanent coronary occlusion (see Figure 7) , the time course of enzyme release into plasma approximates the time course of cellular enzyme leakage. After permanent ischemia, apparently many cells become leaky only after a considerable period of time, for instance, after 24 hours. This indicates the existence of a long period of infarct expansion, but the findings could also be explained by assuming that permanent ischemia can be survived by many cells for a long time. In contrast, reperfusion results in abrupt enzyme leakage from cells that would have remained intact for many hours in case of prolonged ischemia (see Figure 8 ) and would thus exert additional stress. It has been demonstrated, for instance, that reperfusion results in a sudden increase of phospholipid degradation products. 42 The data presented in this study show that enzyme washout is not flow limited, because neither the washout after infusion nor after calcium paradox injury is slower from an ischemic area than from normally perfused tissue. This indicates that reperfusion will not enhance the rate of washout by its circulatory effect. On the other hand, we have not ruled out the possibility that reperfusion could increase microvascular permeability,29 and this implies that the acceleration of enzyme release into plasma, as observed after reperfusion, may be caused by increased transendothelial transport in addition to enhanced cellular disruption.
An important point is whether these results could be influenced by deterioration of collateral flow during prolonged ischemia or by no-reflow effects after reperfusion.43 This could cause longer transport delays and a gradually larger shift between interstitial and plasma release curves (see Figure 7 ). Several studies, however, have shown that collateral flow in the central ischemic area is preserved up to 24 hours4445 and is even increased after 48 hours.11 '46 With respect to reperfusion, it has been demonstrated that after 4 weeks, blood flow to myocardium, which had been made ischemic for 2 or 4 hours, was significantly reduced but still twice the collateral flow measured during ischemia.47 This latter example shows that, even in situations with a strong no-reflow phenomenon, the residual flow is still sufficient for effective washout of enzymes because a residual flow of only 1% of normal will flush the vessels in about 6 minutes, as was discussed before.
